Wear-debris-induced periprosthetic osteolysis (PIO) is a common clinical condition following total joint arthroplasty, which can cause implant instability and failure. The host response to wear debris promotes bone resorption and impairs bone formation. We previously demonstrated that icariin suppressed wear-debris-induced osteoclastogenesis and attenuated particle-induced osteolysis in vivo.
Osteoblasts are derived from mesenchymal stem cells (MSCs) and are bone-forming cells. The lineage is tightly regulated by many bone-forming signals, particularly the Wnt/β -catenin signaling pathway [16] [17] [18] . Activation of Wnt/β -catenin is essential for proper bone development, and inhibition of this signaling pathway down-regulates bone formation 18 . We recently demonstrated in a murine calvarial model of osteolysis that activation of the β -catenin signaling pathway significantly reduced bone resorption and promoted bone formation at an osteolytic site induced with wear debris 19 . In addition, activation of the Wnt/β -catenin signaling pathway was critical in icariin-related bone-protective effects 20 . Therefore, we hypothesized that icariin treatment would promote bone formation in an osteolytic site induced by wear debris via the Wnt/β -catenin signaling pathway.
In the present study, we provide evidence that icariin attenuated titanium (Ti)-particle inhibition of osteoblast differentiation through stabilization of β -catenin protein and activation of the Wnt/β -catenin signaling pathway. The results of this study provide a possible mechanistic explanation for the protective effect of icariin against wear-debris-induced bone loss and provide a rationale for icariin use in the treatment of PIO.
Results

Icariin attenuates Ti-particle inhibition of osteogenic differentiation in MSCs.
To investigate whether Ti particles affected MSC differentiation, the cells were grown in osteogenic differentiation-inducing media and stimulated with/without Ti particles. Ti particles significantly inhibited ALP activity (Fig. 1A) , an early differentiation marker. In addition, RT-PCR results demonstrated that Ti particles significantly reduced the mRNA levels of Runx2 and Osterix (Fig. 1B,C) , two master osteoblast-specific transcription factors. Consistent with this, Ti particles also reduced OCN expression (Fig. 1D) . At the end of this study, MSCs were stained using ARS. Ti particles significantly decreased the staining density of ARS in visible observation quantification by spectrophotometry when compared with the control group (Fig. 1E,F) . We also examined the effect of icariin on Ti-particle-induced inhibition on MSC differentiation. Although Ti particles inhibited osteogenic differentiation mediated by MSCs, this was potently attenuated by icariin in a dose-dependent manner (Fig. 1) .
Icariin and the Wnt/β-catenin signaling pathway. To understand the molecular mechanisms by which icariin attenuates Ti-particle inhibition of osteogenic differentiation of MSCs, we screened several signaling pathways and key molecules associated with MSC differentiation. The Wnt/β -catenin signaling pathway plays an essential role in the regulation of bone formation. Interestingly, we found that Ti-particle stimulation reduced the cytosolic and nuclear levels of β -catenin in mMSCs ( Fig. 2A-D) . In addition, we found that Ti particles impaired β -catenin-dependent transcription induced by Wnt-3a as determined by the Topflash reporter assay (Fig. 2E) . To determine whether Ti-particle-induced inhibition of Wnt/β -catenin activity could be reversed by icariin, MSCs were pretreated with 10 −8 M icariin followed by the application of Ti particles. Western blot analysis revealed that icariin inhibited β -catenin degradation induced by Ti particles. RT-PCR results showed that the mRNA levels of β -catenin and the β -catenin target gene axin-2 were significantly increased in the icariin-treated group when compared with that in the untreated group (Fig. 2F,J) . These results demonstrated that icariin attenuated Ti-particle inhibition of the Wnt/β -catenin signaling pathway in MSCs.
We also investigated whether the protective effects of icariin were mediated via the β -catenin signaling pathway. MSCs were pretreated with the Wnt/β -catenin inhibitor ICG-001 (10 μM) and then stimulated with icariin and Ti particles for the indicated time. ICG-001 attenuated icariin-mediated protective effects on β -catenin activity (Fig. 2) . Consistent with this, ICG-001 also inhibited osteogenic differentiation of MSCs. ICG-001 treatment abolished icariin-mediated promotion of ALP activity and Runx2, Osterix, and OCN gene expression. Moreover, we found that inhibition of β -catenin activity also attenuated icariin-induced osteogenic mineralization mediated by MSCs (Fig. 3) . These observations strongly suggest that icariin-attenuated Ti-particle inhibition of MSC differentiation is at least in part via the activation of the Wnt/β -catenin signaling pathway.
Icariin promotes bone formation and inhibits bone resorption in the osteolytic site induced by Ti particles. To investigate whether icariin promotes bone formation in vivo, the murine calvarial model was used to mimic the molecular pathogenesis of PIO. μCT analysis revealed that the BMD of icariin-treated mice was significantly higher compared with that of Ti-particle-stimulated mice (Fig. 4A,B) . Similarly, the BV and BV/TV were significantly higher in icariin-treated mice compared with Ti-particle-stimulated mice (Fig. 4C,D) , consistent with the higher bone thickness shown in H&E staining and bone histomorphometry analysis results (Fig. 5A,B) . To determine whether the increased BMD was due to increased osteoblast function, immunohistological staining was applied to detect ALP and Osterix expression. In vehicle mice exposed to Ti particles alone, an almost complete absence of ALP-and Osterix-positive cells was observed. Icariin treatment reversed this effect, with increased ALP-and Osterix-positive cells in the ROI of the calvariae (Fig. 6 ).
Because osteoclastogenesis and bone resorption are enhanced in PIO, we investigated the effect of icariin on accelerated bone resorption in a mouse calvarial model. μCT analysis showed increased pitting and porosity in Ti-particle-stimulated mice (Fig. 4A,E) . In contrast, icariin significantly decreased bone resorption. H&E staining clearly revealed resorption in sections obtained from the vehicle group. TRAP staining demonstrated that multiple TRAP-positive cells were present along the eroded bone surface in the vehicle group (Fig. 5A) . Histomorphometric results demonstrated that icariin treatment significantly reduced the area of eroded surface, the number of TRAP-positive cells, and OCs/BS induced by Ti particles (Fig. 5C-E) .
Previous studies have demonstrated the inhibition of the Wnt/β -catenin signaling pathway in osteolytic disease 17, 19 . Therefore, we investigated whether icariin activates the Wnt/β -catenin signaling pathway in an osteolytic site induced by Ti particles. As predicted, immunohistochemical analysis of sections obtained from the icariin group showed greater positive staining for β -catenin, whereas fewer β -catenin-positive cells were observed in Ti-particle-stimulated mice. Moreover, the number of β -catenin-positive cells was significantly decreased when ICG-001, a Wnt/β -catenin inhibitor, was administrated to icariin-treated mice, further indicating that icariin activates the Wnt/β -catenin signaling pathway in an osteolytic scenario (Fig. 6 ). In addition, local treatment with ICG-001 attenuated the effects of icariin on bone mass and on ALP and osterix expression, which suggests that icariin promotes new bone formation via the Wnt/β -catenin signaling pathway in an osteolytic site induced by Ti particles.
Discussion
Icariin, a major active component isolated from plants in the Epimedium family, has been used in the treatment of bone fractures and osteoporosis in traditional Chinese medicine. We previously demonstrated that icariin treatment significantly decreased Ti-particle-induced bone resorption in vivo and inhibited particle-induced osteoclastogenesis in a dose-dependent manner in vitro 14, 15 , which indicates that icariin might be a candidate for the treatment of PIO. However, osteoclast-function targeting agents, including nitrogen-containing bisphosphonates, have been unsuccessful in treating PIO 21, 22 , and several authors proposed that even when osteoclast activity was reduced, no osteoblastic repair occurred and the lytic bone failed to heal 22, 23 . Therefore, it is necessary to investigate whether there is any compensatory osteoblastic or anabolic response during the icariin treatment process.
The results of the present study demonstrated that icariin treatment significantly reduced wear-debris-induced inhibition of osteogenic differentiation in mMSCs and promoted osteoblastic bone formation in the osteolytic site in a murine calvarial model. Additional experiments indicated that this effect was mediated by activation of the Wnt/β -catenin signaling pathway. The bone resorption model was introduced by Merkel et al. and is a widely used particle-based model of wear-debris-induced osteolysis 24 . Ti particles, which are frequently generated from many different orthopedic prostheses, were used in this study to mimic debris released during aseptic loosening. The data indicate that Ti-particle stimulation significantly decreased osteoblast differentiation and osteoblastic bone formation, and that this decrease was mitigated by icariin treatment.
The osteoblast is the main cell in the formation of bone tissue that constitutes the skeletal system, and that participates in the processes that influence the stability of the bone at the margin of the bone implant 2, 5 . The host response of osteoblasts and their precursors to wear debris is critical to periprosthetic bone formation 5 . Growing evidence suggests that wear debris, including Ti, polymeric and polymethyl methacrylate, impairs the function of mature osteoblasts as well as inhibiting bone formation and differentiation of osteoblast precursors [23] [24] [25] [26] [27] [28] [29] [30] , which is consistent with the current study. In addition, several authors have demonstrated that bone formation markers are decreased in patients with aseptic loosening 31, 32 . Although the underlining mechanisms of wear-debris-induced inhibition of bone formation remain unclear, the regulation of bone formation clearly plays a dominant role in the pathogenesis of PIO and is an important therapeutic target for the treatment of this destructive bone disease.
Icariin treatment attenuated Ti-particle-induced inhibition of osteogenic activity in the current study. Recently, the adverse effects of wear debris on the proliferation, differentiation, and osteogenic functions of osteoprogenitor cells have been identified 5, 27, 29 .
the adverse effects of Ti particles on osteogenic activity, which is consistent with previous results that icariin treatment increased osteoblast differentiation of MSCs 8, 9 . In addition, the morphometric analysis revealed higher BV, BV/TV, BMD, and bone thickness in the icariin-treated animals compared with those in the untreated mice; further supporting the concept that icariin exerts bone-protective actions. Moreover, icariin treatment increased Osterix expression in vitro and in vivo. The important role of Osterix in MSC differentiation suggests that the effect of icariin on bone may occur by enhancing osteogenic differentiation of MSCs. These results from the current and related studies strongly suggest that osteoblasts and osteoprogenitors are indeed the target of icariin, and icariin treatment promotes bone formation in an osteolysis scenario stimulated using Ti particles.
The Wnt/β -catenin signaling pathway, which is regulated by ubiquitin-mediated proteasomal degradation of β -catenin 17 , plays a key role in osteoblast differentiation and bone formation, and there is increasing data to suggest a role for this pathway in the development of osteolytic disease, including PIO 19, 33 . In support of this, we demonstrated a clear decrease in β -catenin expression in Ti-particle-stimulated osteoprogenitor cells and in a murine calvarial osteolysis model, which is closely associated with Wnt signaling activity. In addition, icariin treatment significantly increased the levels of β -catenin in vivo and in vitro, and administration of β -catenin inhibitor reversed these effects. These results suggest that icariin attenuates Ti-particle-induced inhibition of bone formation by activation of the Wnt/β -catenin signaling pathway in osteoprogenitor cells.
However, there are several limitations to the current study. First, to mimic the osteolysis scenario, commercial Ti particles were used rather than polyethylene particles, which are the main cause of PIO 29, 30, 34, 35 . However, it has been demonstrated that these Ti particles induced osteolysis in bone tissue around the prosthetic implant by mechanisms similar to polyethylene particles 30, 36 . Moreover, polyethylene particles are difficult to use in cell culture because these particles tend to float away from the cells. Second, it is important to examine the same ROI in all subjects to minimize variability. Therefore, the size of the ROI was kept constant and anatomical landmarks of the coronal and sagittal sutures were used to standardize the analysis. Third, the murine calvarial model was used in the current study. To generate osteolysis, a fixed amount of Ti particles was implanted rather than being continuously generated by wear as in implant patients, a difference described by von Knoch et al. 36 . Therefore, a larger animal model with continuous particle generation would provide a better animal model for future studies.
In conclusion, this study clearly showed that icariin can induce new bone formation and prevent bone loss at an osteolytic site caused by Ti-particle stimulation. These effects may be mediated by activation of the Wnt/β -catenin signaling pathway and increasing the osteogenic activity of MSCs. These findings further support the protective effects of icariin on particle-induced bone loss and provide novel mechanistic insights into the recognized bone-anabolic effects of icariin and an evidence-based rationale for its use in the treatment of PIO.
Materials and Methods
Ti-particle preparation. Commercially pure Ti particles were purchased from Johnson Matthey Company (Ward Hill, MA, USA). The mean particle diameter was 3.32 ± 2.39 μm, with 90% < 3.6 μm. Ti particles were sterilized by baking at 180 °C for 6 h, and then treatment twice in 70% ethanol for 24 h at room temperature. After washing three times in sterile phosphate-buffered saline (PBS), the particles were dried under a sterile bench. Only endotoxin-free particles, as determined by means of the Limulus Amoebocyte Lysate assay (Biowhittaker, Walkersville, MD, USA), were used in the current study.
Cell cultures. Mouse MSCs (mMSCs; Cyagen, Guangzhou, China) were cultured in MSC basal media, including MSC growth supplement (MCGS), L-glutamine, penicillin, and streptomycin at 37 °C and 5% CO 2 . For differentiation experiments, cells were cultured with mMSC Differentiation Basal Medium-osteogenic containing β -glycerophosphate, dexamethasone, ascorbic acid, MCGS, L-glutamine, penicillin, and streptomycin. After confluence, the cells were treated with 10 −10 M or 10 −8 M icariin (Sigma, St. Louis, MO, USA) with/without 10 μM Wnt/β -catenin inhibitor ICG-001 (Tocris Bioscience, Bristol, UK), starting 4 h before treatment with 0.1 mg/mL Ti particles. The concentration of Ti particles used for incubation was similar to that of wear debris retrieved from periprosthetic tissues 36 . In addition, 10 −10 M and 10 −8 M icariin significantly enhanced osteoblast differentiation without cytotoxicity as previously described 10 .
Alkaline phosphatase (ALP) activity. ALP activity was determined as a marker of osteoblast differentiation in response to Ti particles and icariin with/without ICG-001. Briefly, mMSC cells were seeded at a density of 9 × 10 4 cells/well in 24-well plates. On confluence, the medium was replaced with fresh medium containing Ti particles with/without icariin and with/without ICG-001, and incubated for 3 days. ALP activity was determined at 405 nm using p-nitrophenyl phosphate (Sigma) as the substrate and the total protein content was determined using a BCA protein kit (Pierce Chemical Company, Rockford, IL, USA) as previously described 33 .
Alizarin red S (ARS) staining. The mineralization of mMSCs, which were differentiation-induced for 21 days, was determined by ARS staining. The cells were rinsed twice using PBS, fixed in 4% paraformaldehyde at 4 °C for 30 min, and washed using deionized water. Cell staining was performed using 40 mM ARS solution (pH 4.2; Sigma) for 30 min at room temperature. Subsequently, the cells were rinsed three times with double-distilled water and washed using PBS for 15 min to reduce nonspecific ARS staining. The stained cells were observed under a microscope. To quantify the mineralization, the stained layers were solubilized by the addition of 10% cetylpyridinium chloride (pH 7.0; Sigma) as previously described 11 . Dye absorbance was determined at 570 nm. Six wells were analyzed per experiment and the experiments performed in triplicate.
Luciferase assay. Semi-confluent mMSCs were transfected using 2-μg Wnt reporter constructs containing wild-type (Topflash) or mutated (Fopflash) LEF/TCF-binding sites using Genefectine transfection reagent Scientific RepoRts | 6:23827 | DOI: 10.1038/srep23827 (Sigma), following the manufacturer's protocol. Cells were co-transfected with 0.2 μg β -galactosidase reporter vector as a control for transfection efficiency. After transfection, the cells were treated with 20 ng/mL Wnt-3a (R&D Systems, Minneapolis, MN, USA), starting 1 h before Ti-particle treatment for 24 h. The luciferase activity was determined using a Dual-Luciferase Assay kit (Promega, Sunnyvale, CA, USA) as previously described 33 .
RNA extraction and real-time quantitative reverse transcription polymerase chain reaction (qRT-PCR).
Total RNA were isolated as described previously using TRIzol reagent and reverse transcribed 34, 37 . RNA integrity was assessed by light absorbance at 260 and 280 nm and by agarose gel electrophoresis with ethidium bromide staining. Real-time RT-PCR was performed using an SYBR Premix Ex Taq kit (TaKaRa Biotechnology, Otsu, Japan) and a TAKARA TP800 PCR Thermal Cycler Dice Detection system at 95 °C for 10 min for initial denaturation, followed by 40 cycles of 95 °C for 15 s, 60 °C for 30 s, and 72 °C for 30 s. All reactions were performed in triplicate and analyzed by the 2-ΔΔCT method 38 . Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) served as an internal control. The gene-specific primers for osteocalcin (OCN), Runx2, Osterix, β -catenin, axin-2, and GAPDH were as follows: OCN forward 5′-TCCCACACAGCAGCTTGGCCC-3′ and reverse 5′-TGAGGCTCCAAGGTAGCGCCG-3′; Runx2 forward 5′-TTGACCTTTGTCCCAATGC-3′ and reverse 5′-AGGTTGGAGGCACACATAGG-3′; Osterix forward 5′-TGAGCTGGAACGTCACGTGC-3′ and reverse 5′-AAGAGGAGGCCAGCCAGACA-3′; β -catenin forward 5′-ACGGTGCCGCGCCGCTTATA-3′ and reverse 5′-TAGCCATTGTCCACGCAGCGG-3′; axin-2 forward 5′-GTCTCTACCTCATTTCCCGAGAAC-3′ and reverse 5′-CGAGATCAGCTCAGCTGCAA-3′; GAPDH forward 5′-GAGAAGGCTGGGGCTCATTT-3′ and reverse 5′-CCAATATGATTCCACCCATG-3′.
Protein isolation and western blot analysis. Nuclear and cytoplasmic extracts were obtained using a nuclear extraction kit (Sigma). Protein quantification was performed using the BCA protein assay reagent (Pierce). Twenty micrograms of each sample were run under sodium dodecyl sulfate polyacrylamide gel electrophoresis and transferred to a polyvinylidene fluoride membrane, which was blocked and probed using primary antibody against β -catenin (Cell Signaling Technology, Cambridge, MA, USA) overnight at 4 °C. Subsequently, blots were washed using Tris-buffered saline with Tween 20 (10 mM Tris-HCl, 50 mM NaCl, 0.25% Tween 20) and incubated with horseradish-peroxidase-conjugated secondary antibody (Cell Signaling Technology). The protein was detected using enhanced chemiluminescence reagents. As a loading control, anti-β -tubulin and anti-Lamin A (Cell Signaling Technology) antibodies were used. . In addition, the icariin-treated mice received a 20-μL injection of PBS or ICG-001 (10 μg) at the surgery site prior to particle application and then daily until sacrifice. Mice in the sham and vehicle groups received PBS daily. Before surgery, all mice received a subcutaneous injection of carprofen (4 mg kg −1 ; KDN PHARM, Qingdao, China), and the oral antibiotic enrofloxacin (100 mg mL −1 ; GuideChem, Nanjing, China) was administered in the drinking water for 3 days after the operation. No adverse effects or mortality occurred during the experiment. The calvariae were collected from the mice 2 weeks after the operation and dissected for molecular, micro-computed tomography (μCT), and histological analyses.
Mouse calvarial model.
μCT scanning. The fixed calvaria were analyzed by μCT using a SkyScan1176 scanner and associated analysis software (SkyScan, Aartselaar, Belgium). The scanning protocol was set as an isometric resolution of 18 μm and the X-ray energy settings were 80 kV and 100 μA. Three-dimensional image reconstructions were obtained using the manufacturer's software. As previously described, a cylindrical region of interest (ROI; 3 × 3 × 1 mm), with the midline suture at its center, was selected for quantitative analysis of the particle-induced osteolysis 35, 39 . The bone mineral density (BMD, mg/cc), bone volume (BV, mm 3 ), BV to tissue volume ratio (BV/TV, %), and number of pores of each sample were obtained using CT Analyser software (Skyscan) as previously described 35, 40, 41 .
Histological and immunohistochemical analyses. After μCT scanning, the calvaria were decalcified and paraffin embedded using standard procedures. Five-micrometer-thick paraffin-embedded calvarial bone sections were cut in the coronal plane using a microtome. Sections were prepared for tartrate-resistant acid phosphatase (TRAP) and hematoxylin and eosin (H&E) staining. The stained sections were observed under a high-quality light microscope at a magnification of ×20. The ROI was defined as previously recommended 35 . Histomorphometric analysis was performed using Image Pro Plus software 6.0 (Media Cybernetics, Silver Spring, MD, USA). The eroded surface area (mm 2 ), bone thickness (mm), number of TRAP-positive cells, and osteoclast surface per bone surface (OcS/BS, %) were determined as described previously 35, [39] [40] [41] . For immunohistological analysis of β -catenin, ALP, and Osterix, sections were incubated with the respective primary antibody (all Abcam, Shanghai, China) overnight at 4 °C. After washing, the sections were incubated with a biotin-conjugated secondary antibody for 30 min, rinsed, and incubated with avidin-biotin enzyme reagent for 30 min at 37 °C. Color was developed using 3,3′-diaminobezidine tetrahydrochloride and hematoxylin as a counterstain. The positive cells were counted using a microscope by two independent observers. Statistical analysis. The data are expressed as means ± standard deviation (SD). All analyses were performed using the SPSS 11.0 software (SPSS, Chicago, IL, USA). The results were first assessed using a Kolmogorov-Smirnov test to ensure normality and homogeneity of variance. Statistical analyses were performed using a one-way analysis of variance with Tukey post-hoc pairwise comparisons. A value of p < 0.05 indicated a significant difference between groups.
